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AFIT/EN/TR-19-02

Abstract

This report describes in detail the architecture of a MIPS-like processor used for

Adaptive-Hybrid Redundancy research. There may be many other applications for

this MIPS-like processor beyond this specific research area.
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BASIC MIPS ARCHITECTURE VERSION 1.4

I. Introduction

The goal of this project was to evaluate the power consumption of a Field Pro-

grammable Gate Array (FPGA) when implementing no radiation mitigation strategy,

Triple Modular Redundancy (TMR) in hardware, Temporal Software Redundancy

(TSR), and a new method called Adaptive-Hybrid Redundancy. To accomplish this,

a MIPS-like architecture is created in Very High Speed Integrated Circuit (VHSIC)

Hardware Description Language (VHDL) such that it can be programmed onto an

FPGA. This method also allows for errors to be injected into these various architec-

tures at will. Chapter II details the design of this MIPS-like architecture called Basic

MIPS. Chapter III briey outlines the test approach used to verify the functionality

of Basic MIPS. The Appendices contain all of the VHDL code used to build and test

the Basic MIPS architecture.
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II. Basic MIPS

The MIPS-like architecture was based upon the MIPS32TM architecture as spec-

i�ed in MIPS Technologies \MIPS32TM Architecture For Programmers Volume I:

Introduction to the MIPS32TM Architecture" and \MIPS32 TM Architecture For Pro-

grammers Volume II: The MIPS32TM Instruction Set"[1, 2]. The following MIPS32TM

commands were implemented:

1. Shift Word Left Logical (SLL)

2. No Operation (NOP)

3. Shift Word Right Logical (SRL)

4. Shift Word Right Arithmetic (SRA)

5. Shift Word Left Logical Variable (SLLV)

6. Shift Word Right Logical Variable (SRLV)

7. Shift Word Right Arithmetic Variable (SRAV)

8. Add Word (ADD)

9. Add Unsigned Word (ADDU)

10. Subtract Word (SUB)

11. Subtract Unsigned Word (SUBU)

12. Bitwise Logical And (AND)

13. Bitwise Logical Or (OR)

14. Bitwise Logical Exclusive Or (XOR)

15. Bitwise Logical Not Or (NOR)

16. Set on Less Than (SLT)

17. Set on Less Than Unsigned (SLTU)

18. Branch on Greater Than or Equal To Zero (BGEZ)

19. Branch on Less Than Zero (BLTZ)

20. Branch on Equal (BEQ)

2



21. Branch on Not Equal (BNE)

22. Branch on Less Than or Equal to Zero (BLEZ)

23. Branch on Greater Than Zero (BGTZ)

24. Add Immediate Word (ADDI)

25. Add Immediate Unsigned Word (ADDIU)

26. Set on Less Than Immediate (SLTI)

27. Set on Less Than Immediate Unsigned (SLTIU)

28. Bitwise Logical And Immediate (ANDI)

29. Bitwise Logical Or Immediate (ORI)

30. Bitwise Logical Exclusive Or Immediate (XORI)

31. Load Upper Immediate (LUI)

32. Load Word (LW)

33. Store Word (SW)

These commands are implemented exactly as speci�ed in MIPS Volume II, with

two notable exceptions. For signed addition (ADD, ADDI) and subtraction (SUB),

when an overow occurs, no exception signal is created; however, the destination reg-

ister retains its previous value as speci�ed. For branch instructions (BGEZ, BLTZ,

BEQ, BNE, BLEZ, BGTZ), the o�set is added to the current address rather than the

instruction following the branch. The documentation refers to the instruction follow-

ing the branch as being in the branch delay slot and speci�es that this instruction

must be executed before the branch is taken. To simplify implementation, a branch

delay slot was not used. As an example, consider that the program counter (PC)

is at 1000 when a branch instruction is encountered. Also suppose that the branch

instruction will cause a jump of 100 if the branch condition is true. According to

the MIPS documentation, if the branch evaluates to true, instruction at PC=1004

should be evaluated before evaluating the instruction at PC=1104. In the Basic MIPS

implementation, if the branch evaluates to true, the next instruction evaluated is at
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PC=1100. In both implementations, if the branch condition is false, the instruction

at PC=1004 is evaluated next.

The Basic MIPS architecture is divided into a Controller and a Datapath. The

Controller consists of a �nite state machine (FSM), a register to store the instructions,

a module that generates state dependent control signals, and an instruction decoding

and encoding module that decodes the instructions and sends control signals to the

Datapath that account for the current state of the FSM. The Datapath consists of a

bank of 32-32-bit registers as well as the program counter, an arithmetic logic unit,

and multiplexers that react to control signals from the Controller to adjust the ow

of inputs to and outputs from these main blocks. With this basic top level design

in mind, implementation started from the bottom level of the Datapath and worked

upward toward the top level. A design choice was made to implement all components

using a 2-input, single bit NAND gate as the basic fundamental unit upon which to

build all combinational logic. The 1-bit D ip-op was selected as the basic building

block for all registers in this design. This methodology was chosen so that creating

and tracing transient upsets from source to destination would be a straightforward

task. In other words, if a single transient bit ip in a combinational part of the

architecture were simulated, it could be traced forward to where that transient would

be masked or latched in a register.

2.1 NAND

The NAND gate (myNAND2) is implemented according to the truth table shown

below. The inputs to the NAND gate are A and B and the output is Z. A schematics

of the NAND gate is shown in Figure 1. Figure 2 shows the legend for interpreting

certain schematic symbols. After designing the NAND gate, the next module to

implement is the inverter.
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Table 1. Truth Table for NAND Gate

A B Z
0 0 1
0 1 1
1 0 1
1 1 0

Table 2. myNAND2 Inputs and Outputs

Port Name Type Width
i A Input 1
i B Input 1
o Z Output 1

Figure 1. myNAND2

Figure 2. Schematic Legend
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2.2 Inverter

The inverter (myINV) is implemented by tying the inputs of a NAND gate to-

gether. The truth table for this implementation is shown in Table 3. Note that the B

input to the NAND gate is marked in parenthesis as A since the two inputs are tied

together. Figure 3 shows how the NAND gate is connected as an inverter and Figure

4 shows schematic symbols for the inverter.

Table 3. Truth Table for NAND Gate Con�gured as an Inverter

A B (A) Z
0 0 1
1 1 0

Table 4. myINV Inputs and Outputs

Port Name Type Width
i A Input 1
o Z Output 1

Figure 3. Inverter Schematic

Figure 4. Inverter Symbol
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Additionally, an N-bit inverter that inverts all N-bits of an incoming data signal

is created by placing N 1-bit inverters in parallel, one per input bit.

Table 5. myINV N Inputs and Outputs

Port Name Type Width
i A Input N
o Z Output N

2.3 Multiplexers

The simplest multiplexer takes two data inputs and a select input and produces a

single data output. In the simplest case, the data signals are 1-bit each. If the select

input is 0, data input 0 is passed to the output. If the select input is 1, data input 1

is passed to the output. This logic implementing this is:

Z = �iSi 0 + iSi 1

Z = �iSi 0 + iSi 1

Z = �iSi 0 iSi 1

Z = NAND (NAND (INV (iS); i0); NAND (iS; i1))

(1)

Where Z is the output, i S is the select input, and i0 and i 1 are data inputs 0 and

1 respectively.

If a four input multiplexer is required, three-two input multiplexers can be used

in two stages to produce the desired output. The �rst stage consists of connecting

data input 0 and data input 1 to inputs 0 and 1 of a 2 input multiplexer and also

connecting data inputs 2 and 3 to inputs 0 and 1 of another 2 input multiplexer. The

select input for both of these �rst stage multiplexers is the least signi�cant bit of the

two bit select signal. The select signal requires two bits because a two bit signal can
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take on four values and there are four inputs. Then, the output of the multiplexer with

data inputs 0 and 1 are fed to input 0 of the second stage multiplexer. The output

of the multiplexer with data inputs 2 and 3 are fed to input 1 of the second stage

multiplexer. The select input to the second stage multiplexer is the most signi�cant

bit of the two bit select signal. When connected in this con�guration, the decimal

representation of the select signal corresponds to the input number that is connected

to the output. Table 6 shows the truth table for this 4-input multiplexer. In equation

form, this is written as shown in Equation 2 where MUX2(i0, i 1, i S) indicates a

two input multiplexer with data inputs i 0 and i 1 and one bit select signal iS and

MUX4(i 0,i 1,i 2,i 3,i S) indicates a four input multiplexer with data inputs i 0, i 1,

i 2, and i 3 and two bit select signal iS.

Table 6. Truth Table for 4 Input Multiplexer

i S(1) i S(0) Z
0 0 i 0
0 1 i 1
1 0 i 2
1 1 i 3

Z = MUX 4(i 0; i 1; i 2; i 3; i S) = � � �

MUX 2(MUX 2(i 0; i 1; i S(0)); MUX 2(i 2; i 3; i S(0)); i S(1))
(2)

An eight input multiplexer is similarly implemented. The eight input multiplexer

requires a three bit select signal. The two �rst stage multiplexers from the four input

multiplexer are now replaced by two four input multiplexers whose inputs are data

inputs 0 through 3 and data inputs 4 through 7 respectively. The select input to

the �rst stage multiplexers are the two least signi�cant bits of the three bit select

signal. The second stage multiplexer is still a two input multiplexer. The second
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stage data input 0 comes from the four input multiplexer with data inputs 0 through

3. The second stage data input 1 comes from the four input multiplexer with data

inputs 4 through 7. The select signal to the second stage multiplexer is still the

most signi�cant bit of the select signal. Continuing to use this pattern as a template

results in a 16 input multiplexer having two eight input multiplexers in its �rst stage

and a two input multiplexer in the second stage. A 32 input multiplexer has two 16

input multiplexers for its �rst stage and still a two input multiplexer in the second

stage. Finally, increasing the number of bits in the inputs from one to some arbitrary

integer N is a simple as connecting N multiplexers (with the same number of inputs)

in parallel. A summary of all the multiplexers is shown in Table 7.

Table 7. All Multiplexers Designed for Basic MIPS Implementation

Name Number of Data Inputs Number of Data Bits Number of Select Bits
MUX2 1 2 (i 0, i 1) 1 1
MUX2 N 2 (i 0, i 1) N 1
MUX4 1 4 (i 0, i 1, i 2, i 3) 1 2
MUX4 N 4 (i 0, i 1, i 2, i 3) N 2
MUX8 1 8 (i 0, ..., i 7) 1 3
MUX8 N 8 (i 0, ..., i 7) N 3
MUX16 1 16 (i 0, ..., i 16) 1 4
MUX16 N 16 (i 0, ..., i 16) N 4
MUX32 1 32 (i 0, ..., i 31) 1 5
MUX32 N 32 (i 0, ..., i 31) N 5

Figures 5, 6, 7, 8, 9, 10, 11, 12, 13, and 14 show schematics for the multiplexers as

well as their schematic symbols. Note that the schematic symbols are used for 1-bit

inputs and N-bit inputs interchangeably.

9



Figure 5. 2-Input Multiplexer Schematic

Figure 6. 2-Input Multiplexer Symbol
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Figure 7. 4-Input Multiplexer Schematic

Figure 8. 4-Input Multiplexer Symbol
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